
QDR 4500A dual-energy X-ray absorptiometer underestimates fat
mass in comparison with criterion methods in adults1–4

Dale A Schoeller, Frances A Tylavsky, David J Baer, William C Chumlea, Carrie P Earthman, Thomas Fuerst,
Tamara B Harris, Steven B Heymsfield, Mary Horlick, Timothy G Lohman, Henry C Lukaski, John Shepherd,
Roger M Siervogel, and Lori G Borrud

ABSTRACT
Background: Dual-energy X-ray absorptiometry (DXA) has be-
come one of the most frequently used methods for estimating human
body composition. Although the DXA technique has been validated
for the measurement of fat-free mass and fat mass, differences in
calibration between instruments produced by different manufactur-
ers, as well as between different models produced by the same
manufacturer, have been reported.
Objective: The objective was to compare the calibration of the QDR
4500A against criterion methods in a large heterogeneous population.
Design: DXA-derived body-composition data were obtained from 7
studies: 6 data sets were provided by the investigators, one of which
was published. The data included fat mass and fat-free mass mea-
sured with a QDR 4500A and criteria measurements of body com-
position from total body water by dilution at 4 centers, densitometry
from 1 center, and four-compartment analysis at 2 centers.
Results: In the cohort of 1195 subjects, 602 men and 593 women
aged 19–82 y with a body mass index (in kg/m2) of 16–44, the
fan-beam DXA overestimated fat-free mass (P � 0.05). A signifi-
cant difference was observed in all 7 data sets, and the mean (�SE)
was 5 � 1%.
Conclusions: It is recommended that the lean soft tissue mass esti-
mate with the fan-beam QDR 4500A be reduced by 5% and that for
fat mass be increased by that same mass. This finding is particularly
important because the National Health and Nutrition Examination
Survey is using the QDR 4500A to assess body composition in a
nationally representative sample of persons in the United
States. Am J Clin Nutr 2005;81:1018–25.
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INTRODUCTION

National data gathered from examination studies over the past
30 y have shown an increase in overweight and obesity across all
strata of the US population on the basis of body mass index (BMI;
in kg/m2) (1, 2). Although BMI provides an acceptable approx-
imation of total body fat (3), its use has limits because the relation
between BMI and body fat varies with age, sex, physical training,
and ethnicity (4–7).

A direct measure of fat-free mass (FFM) and fat mass (FM) is,
therefore, often preferred for assessing obesity. Dual-energy
X-ray absorptiometry (DXA) estimates of FFM and FM have
been validated and generally are reported to correlate highly with
values determined with criterion methods (8–14). In addition,
DXA can provide estimates of fat distribution by body region, yet

is rapid and simple to perform in most subjects. The DXA infor-
mation on body composition from large multiethnic studies may
help to identify factors that might explain differences seen in
cardiovascular disease risk factors and other markers of chronic
disease, including bone mineral density (BMD) (15–18). For these
reasons, the National Center for Health Statistics, Centers for Dis-
ease Control and Prevention, included DXA in the current National
Health and Nutrition Examination Survey (NHANES) (19).

DXA, however, is not without limitations. Although highly
correlated with criterion methods, modest systematic variation in
the absolute estimates of body composition by DXA can arise
from different hardware and software accommodations to sev-
eral factors, including interpolations for soft tissues located over
bone (8) and treatment of pixels for which a small portion is bone
(20). For newer and faster fan-beam instruments, parallax error
(beam magnification) due to the variation in heights between the
source and detector of tissues is an additional concern (11).
Because of these inaccuracies in a given DXA instrument (11), it
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is important to either cross-validate new DXA models or sub-
stantive software revisions against an established DXA instru-
ment or an established criterion method.

The accuracy of the QDR 4500A (Hologic, Bedford, MA) is of
particular interest because it is being used in the continuous
NHANES. The results from NHANES will provide national
estimates for body composition, which should be a valuable
baseline for future surveys or smaller independent samples. Fu-
ture studies are likely to use other instruments or techniques;
therefore, establishing the accuracy of the fan-beam QDR 4500A
is critical. Recent studies, however, have indicated that the Ho-
logic QDR 4500A overestimates FFM and underestimates FM
compared with criterion methods (12, 21, 22) and the pencil-
beam QDR 2000 (11, 13).

The aim of this study was to compare the QDR 4500A mea-
surement of FM and FFM against that of measurements made
with criterion methods at multiple laboratory sites. The use of
multiple laboratories ensured that individual bias from any one
instrument, criterion method, or protocol would be minimized
and, thus, the NHANES results should be the most reliable esti-
mates of body composition in the US population that are possible.

SUBJECTS AND METHODS

Subjects

Seven data sets containing estimates of body composition
from the QDR 4500A DXA and a corresponding criterion
method were provided from 6 different laboratories. A seventh
data set was taken from the literature (22) (Tables 1 and 2). The
combined cohort ranged in age from 19 to 82 y and in BMI from
16 to 44. During the initial review, 26 data points were dropped
from the analysis, including 17 because of a 3-kg weight differ-
ence between scale weight and DXA weight, 4 because of a
�6-kg difference in FFM between total body water (TBW) and
DXA, 3 because they were too large to fit within the DXA
detector field, and 2 because TBW accounted for �51% of
FFMDXA. The remaining sample included 1004 participants
from the 6 data sets and 191 participants from the publication of
Deurenberg-Yap et al (22). The human studies were reviewed
and approved by the institutional review boards of the respective
institutions, and written informed consent was obtained from the
participants. All data sets were stripped of participant identifiers
before being used in this data analysis.

TABLE 1
Subject characteristics1

Sample Age Weight Height BMI

y kg cm kg/m2

1 (n � 0 M, 22 F) 65 � 4 (59–74) 71 � 14 (50–104) 165 � 5 (157–174) 26 � 5 (19–36)
2 (n � 139 M, 139 F) 75 � 3 (70–82) 76 � 16 (41–127) 167 � 10 (147–192) 27 � 5 (16–42)
3 (n � 12 M, 12 F) 47 � 10 (32–66) 78 � 20 (48–130) 170 � 11 (147–188) 27 � 7 (17–42)
4 (n � 68 M, 3 F) 43 � 11 (19–71) 81 � 13 (57–117) 164 � 6 (151–181) 30 � 3 (22–38)
5 (n � 30 M, 28 F) 74 � 2 (70–79) 76 � 15 (38–111) 167 � 9 (148–187) 27 � 5 (17–40)
6 (n � 206 M, 245 F) 44 � 15 (19–79) 78 � 17 (44–125) 172 � 10 (148–197) 26 � 5 (16–44)
7 (n � 147 M, 144 F) 39 63 162 24
Total (n � 602 M, 593 F) 55 � 15 75 � 6 167 � 3 27 � 1

1 All values (except totals) are unweighted x� or x� � SD; range in parentheses.

TABLE 2
Comparison of body-composition data obtained with the Hologic (Bedford, MA) QDR 4500A and with the criterion method1

Sample Criterion method

FFM FM
Body mass,
DXA�ScaleDXA DXA � Criterion DXA DXA � Criterion

kg kg kg
1 (n � 22) TBW2 45.0 2.4 � 1.43 26.6 �1.7 � 1.53 0.73

2 (n � 278) TBW2 52.2 4.7 � 1.93 24.0 �5.1 � 2.73 �0.23

3 (n � 24) TBW2 55.4 3.0 � 2.53 23.3 �2.1 � 2.63 0.93

4 (n � 71) TBW2 50.2 2.0 � 1.63 30.4 �2.4 � 1.83 �0.33

5 (n � 58) 4C4 53.5 3.3 � 1.83 23.5 �2.2 � 1.83 1.13

6 (n � 451) UWW5 54.2 1.8 � 3.53 23.4 �1.3 � 3.63 0.53

7 (n � 191) 4C6 45.3 1.97 17.5 �1.97 NA

1 DXA, dual-energy X-ray absorptiometry; TBW, total body water; 4C, 4-compartment model; UWW, underwater weighing; NA, not available.
2 Assumes hydration of FFM � 0.73.
3 Significantly different from 0, P � 0.05.
4 Four-compartment model of Withers et al (23).
5 Densitometry, two-compartment density model of Siri (24).
6 Four-compartment model of Baumgartner et al (25).
7 Published analysis showed that DXA underestimated percentage fat.
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Protocols

Protocols varied only slightly between laboratories. All par-
ticipants were measured after an overnight fast and were asked to
avoid strenuous exercise on the day before measurement to avoid
dehydration. The participants were weighed in a hospital gown or
scrubs (data sets 2, 3, 4, and 5) or light clothing, ie, tee shirt and
shorts or sweat pants (data sets 1 and 6) and then underwent
body-composition analysis with the QDR 4500A and with the
criterion method. Further details of the protocols are published
elsewhere (12, 21, 26).

Whole-body DXA

A Hologic model QDR 4500A fan-beam X-ray absorptiome-
ter was used to measure body composition at each site. Lean soft
tissue mass (LSTM), FM, and bone mineral content (BMC) were
assessed by using software versions 8.21, 8.25A, or 8.26A
(Whole Body Analysis software), which all use pixel-specific
adjustment for beam magnification and the same routine for
estimating body composition. Participants were positioned for
whole-body scans according to the protocol recommended by the
manufacturer. Participants lay supine on the DXA table with
limbs close to their bodies. Only those with all body parts in the
scan field were included in this study. FFMDXA was the sum of
LSTM and BMC.

DXA phantom analysis

To test whether the instruments were comparable, the Hologic
whole-body phantom was circulated among laboratories 1 to 5 as
well as the 3 NHANES mobile examination centers. At each site,
the phantom was scanned 10 times with repositioning of the
phantom between each scan; thus, the results included position-
ing error. The phantom measurements were analyzed and re-
viewed for accuracy errors by trained staff at the University of
California, San Francisco. The mean and SD for the most com-
monly used variables from each phantom were calculated by
using standard methods, including body mass, LSTM, FM, per-
centage fat, BMD, and BMC. The ratio of LSTM obtained with
each instrument to the mean value averaged across all instru-
ments was calculated and compared with the ratio of FFMDXA

to FFMcriterion for each individual DXA instrument by linear
regression.

Criterion methods

Data set 1 was from the Virginia Polytechnic Institute and
State University. The criterion method was TBW measured by
deuterium dilution. After a baseline venous blood sample was
collected, subjects were given a weighed dose of deuterium oxide
(99.8 atom%; Isotec Inc, Miamisburg, OH), equivalent to 0.30
g/kg body weight in 100 mL distilled water, followed by a
100-mL distilled water rinse. After a 3-h equilibration period,
during which subjects did not ingest anything, a second postdose
blood specimen was drawn. Plasma samples were purified by
diffusion after the method described by Davis et al (27). Plasma
samples were purified by incubating equal volumes of plasma
and distilled deionized water at 37 °C for 48 h in incubation
dishes (Bel-Air Products, Pequannock, NJ). Purified plasma
samples were subsequently analyzed for deuterium enrichment
by isotope ratio mass spectrometry (MAT 251; Finnigan, Bre-
men, Germany). TBW was corrected for urinary deuterium

losses and reduced by 4% to correct for exchange with protein
and carbohydrate during the 3-h equilibration period (28).

Data set 2 was from the energy expenditure subset of the
Health, Aging, and Body Composition (Health ABC) Study con-
ducted at the University of Pittsburgh and the University of
Tennessee Health Science Center as described elsewhere (29,
30). The criterion method was TBW measured by isotope dilu-
tion; �4 g deuterium and 8 g 18O-labeled water were given to
fasted subjects after collection of a baseline urine sample. Three
additional urine samples were collected in the next 6 h. Enrich-
ments of tracer were measured in the final 2 urine samples
relative to baseline by isotope ratio mass spectrometry (Finni-
gan Delta-S and Delta Plus). Corrections were made for water
intake during urine collections, and dilution spaces were re-
duced by 4% and 0.7% for deuterium and 18O dilution, re-
spectively, and averaged (28).

Data set 3 was from the US Department of Agriculture, Belts-
ville, MD. The criterion method was TBW measured by isotope
dilution. After an overnight fast, subjects provided a urine sample
that was used to measure background isotope enrichments and
were then dosed orally with 0.1 g/kg body weight each of deu-
terium and 18O. The bottle containing the dose was rinsed with
100 mL of deionized water and consumed. After that, the subjects
were offered a muffin and juice and were allowed coffee, tea, or
water for up to 1 h postdose. Food and beverages were not
allowed after the first hour. Saliva samples were collected 4 and
4.5 h postdose. Isotopic enrichment was measured by
continuous-flow, isotope ratio mass spectroscopy (Europa Sci-
entific Hydra, Cheshire, United Kingdom). TBW was calculated
as the average of the deuterium and 18O dilution spaces calcu-
lated from the enrichment of the last saliva sample and corrected
for 4% and 0.7% in vivo exchange, respectively (28).

Data set 4 was from the University of Tennessee Health Sci-
ence Center. The criterion method was TBW measured by deu-
terium dilution as described elsewhere (29, 30). An oral dose of
4 g deuterium oxide was administered to each participant after a
6–12 h fast. Plasma samples were collected into a dry EDTA-
coated tube before and 4 h after the isotope administration.
Plasma protein was removed by ultrafiltration, and deuterium
enrichment above baseline was measured by isotope ratio mass
spectrometry (Finnigan Delta Plus). Subjects were allowed fluid
at 1 h after the dose, and corrections were made by subtracting
this water intake from TBW, but only in those in whom intake
exceeded 0.2 kg. A 1% correction was made for isotope exchange
during plasma filtration (30) and 4% for in vivo exchange (28).

Data set 5 was from the University of California, San Fran-
cisco, as described elsewhere (31). A four-compartment model
was used for the criterion method. TBW was measured by using
the same methods as described for data set 4. Body density was
measured by underwater weighing (UWW) while the subjects
wore a bathing suit. Water temperature was set at 32–35 °C. Five
of the most consistent trials (underwater weights within a range
of 0.02 kg) from 10 replicates were averaged. Before submer-
sion, residual lung volume was measured in triplicate by using a
respirometer (model SVR/PLUS; Collins, Braintree, MA).
Total-body mineral mass was calculated from measured total-
body BMC in the skeleton by the QDR 4500A. To account for the
mineral in nonosseous tissue, total mineral from DXA was
multiplied by 1.23. The four-compartment model equation of
Lohman (32) was used except as noted above, where total-body
mineral was used rather than bone mineral (33).
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Data set 6 was from the Life Span Health Research Center at
the Wright State University School of Medicine. The criterion
method was UWW. Underwater weight was measured in a tank
of water (4 ft wide, 6 ft long, and 5 ft deep) at 34 °C. The chair was
suspended by 4 load cells whose weights were summed and the
weight printed. Residual lung volume was measured on land with
a SensorMedics model 2450 (Yorba Linda, CA) Pulmonary
Function Laboratory. Weight in air was measured on a Seca scale
(Hamburg, Germany) to 0.1 kg. The body density data for each
adult participant were converted into FFM by using the Siri
equation as described in detail by Guo et al (26).

Data set 7 was extracted from published data (22) and included
to show external validity. It was the only other study that met our
criteria for comparing the QDR 4500A against TBW, UWW, or
a four-compartment model as the criterion method. Briefly, these
investigators used the four-compartment model of Baumgartner
et al (25). Body density was measured by air plethysmography.
TBW was measured by deuterium dilution 3 h after a 10-g oral
dose of deuterium oxide using plasma. Deuterium was measured
by infrared spectroscopy, and a 5% correction for in vivo isotope
exchange was applied. Bone mineral was determined by using
the QDR 4500A and multiplied by 1.167 to adjust it to the Lunar
DPXL equivalent and again by 1.235 to calculate total-body
mineral to match the assumptions used in the development of the
four-compartment model (25).

Calculation of FFM

When the criterion method was TBW, FFM was calculated as
TBW/0.73. FM was calculated as body mass minus FFM. The
selection of 0.73 as the hydration of FFM was based on an
extensive review of the literature (Table 3). When the criterion
method was the four-compartment model, percentage fat was
calculated by using the equations referenced above. FM was
calculated as percentage fat/100 multiplied by body mass, and
FFM was calculated as the difference.

Statistical analysis

Means and SDs were calculated by using standard unweighted
methods. Within-laboratory means for FFM, FM, and body mass
from DXA and the criterion method were compared by using a t
test. To test for an error in the DXA calibration, regression of
FFMDXA on the criterion method results by using the least-
squares fit of y on x. Correlations were identified as significant
based on the regression coefficient exceeding the critical value
for the given df. To test for a constant offset between methods, the
intercept was compared with zero and to test for a proportional
error, the slope was compared with unity. To determine the
correction factor for FFMDXA, FFMDXA was regressed on
FFMcriterion while forcing the intercept through zero. In all but 2
of the data sets, the intercept term was not significantly different
from zero and thus could be eliminated from the regression. It
was eliminated from the other 2 data sets to facilitate comparison
between sets. To test for an influence of age, sex, or ethnicity on
the DXAFFM correction factor, an analysis of variance for these
3 predictors was performed with control for between-laboratory
differences by including laboratory as a predictor. Variances
were compared by using the F test. Statistical significance re-

quired a P value � 0.05. Statistical calculations were performed
by using JMP version 4 (SAS Institute Inc, Cary, NC).

RESULTS

The combined data set included 1195 adults who represented
a wide range of ages and body sizes (Table 1). The subjects were
racially diverse, including 750 whites, 153 African Americans
(132 of whom were in sample 2), 1 Asian American, and 291
Asians.

Data were combined for men and women, and the DXA esti-
mate of FFM was compared with that from the criterion method
individually for data sets 1–6 (Table 2). FFM was 1.8–4.7 kg
larger by DXA than by the criterion method, and FM was 1.3–5.1
kg smaller by DXA in laboratories 1- 6 (Table 3). DXA-
determined body mass was significantly different from scale
mass in all laboratories, but the differences included both nega-
tive and positive offsets, the largest of which was 1.1 kg. Data on
FFM and FM were not directly available from sample 7, but it
was reported that the DXA-derived percentage fat was 2 and 4
percentage points smaller in women and men, respectively, than
that from the four-compartment criterion method. From this we
calculated that FFM averaged 1.9 kg greater by DXA and FM 1.9
kg less by DXA.

FFMDXA was found to have a strong linear relation with
FFMcriterion in each of the data sets. The correlation coefficients
ranged from 0.972 in data set 4 to 0.991 in data set 5. When
FFMDXA was regressed on FFMcriterion, the slopes ranged from
0.909 to 0.967 (Table 4). The average of the individual slopes
was 0.946, which indicates that DXA overestimated FFM by
5.4% with an SE of 0.7% compared with the criterion methods.
The SE of the slope for data set indicated that the precision of the
linear fit was significantly greater for data sets 1 and 3 than for
the other data sets (P � 0.05; F test). Of note, however, the
variance about the slope within a laboratory (VWL) for any given
data set is less than the variance in the slopes (Vtot) when aver-
aged between data sets (P � 0.01; F test). Calculation of the
between–data set (laboratory) variance (VBL � Vtotal � �VWL)
indicates that the between–data set SD for the slope was 0.015.
This value is more than twice the largest within–data set SE and,
therefore, the between– data set (laboratory) variance has a
greater influence on the final average across data sets than does
the individual variance within a data set.

As a further test of between-laboratory variance, a phantom
was exchanged among laboratories for analysis (Table 5). The
cross-validation identified small but significant differences be-
tween instruments with regard to mass, FM, and BMC. The
largest difference between instruments for FFM (LSTM �
BMC), however, was only 396 g, or 1.4% of the phantom mass,
and thus smaller than the FFM differences between DXA and the
criterion methods identified in Table 2. This indicated that the
between-laboratory error was probably not due to instrument-to-
instrument variation.

We further tested whether the between-laboratory differences
observed in the phantom analysis could explain differences in the
comparison of FFMDXA and FFMcriterion. We could not compare
the absolute errors from the phantom data with those of the human
data because of the differences in total mass between the phantom
and the humans. Thus, it was necessary to express the phantom data
as the ratio of LSTM for each laboratory to the average LSTM for all
laboratories so that it couldbecomparedwith thepercentageerror in
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the human FFMDXA data for each laboratory. This ratio for the
phantom measurement for each laboratory was then regressed onto
the ratio of FFMDXA to FFMcriterion from those same laboratories.
There was no correlation (r � 0.13, NS) indicating that in-
strument calibration as measured by using the phantom did
not explain the variation in the ratio of FFMDXA to FFMcriterion

between laboratories.
Because the criterion method might also influence the com-

parison of FFMDXA with FFMcriterion, we compared the slopes of
the regression of FFMDXA on FFMcriterion using multiple criterion

methods for those data sets in which comparisons between sev-
eral criterion methods could be made (Table 6). This was only
possible in 2 data sets, however. The slopes and SDs (0.952 �
0.019) for the various criterion methods from these 2 data sets
were not different from those for the between-laboratory vari-
ance (0.945 � 0.016; Table 4).

The subjects were not equally stratified for sex, race, and age
across the laboratories. To test whether the slope for the FFMDXA

compared with FFM criterion, and hence the correction factor for
FFMDXA, differed by sex, age, or ethnicity, we performed an

TABLE 3
Review of the literature in which hydration of fat-free mass (FFM) was determined by using the four-compartment model or a model with similar strength1

Criterion
method

Post hoc
correction2

Subjects

FFM hydration ReferenceRace Sex Age Miscellaneous

y %
IVNA — NA M 22–92 Malnourished 73.2 � 2.43,4 Beddoe et al (34)
IVNA — NA F 20–88 Malnourished 75.0 � 3.14 Beddoe et al (34)
IVNA — NA M 20–58 71.1 � 1.2 Beddoe et al (34)
IVNA — NA F 19–59 72.6 � 1.5 Beddoe et al (34)
4C H exchange W M 65–94 74.5 � 4.5 Baumgartner et al (25)
4C H exchange W F 65–94 74.6 � 3.9 Baumgartner et al (25)
4C — NA M 18–59 73.3 � 2.2 Fuller et al (35)
4C — NA F 18–59 74.5 � 1.9 Fuller et al (35)
3C5 H exchange W M 22–39 70.2 � 1.0 Hewitt et al (36)
3C5 H exchange W M 65–85 71.8 � 1.1 Hewitt et al (36)
3C5 H exchange W F 22–39 69.9 � 1.3 Hewitt et al (36)
3C5 H exchange W F 65–85 71.5 � 1.7 Hewitt et al (36)
IVNA — NA M 23–72 72.5 � 0.8 Ryde et al (37)
IVNA — NA F 23–72 72.2 � 0.8 Ryde et al (37)
4C H exchange NA M and F 30 � 4 73.3 � 2.0 Mazariegos et al (38)
4C H exchange NA M and F 74 � 7 72.7 � 3.0 Mazariegos et al (38)
4C H exchange NA M 28 � 4 Runners 73.7 � 0.8 Penn et al (39)
4C H exchange NA M 28 � 4 72.9 � 1.6 Penn et al (39)
3C (Siri) — NA F — Gravid (3rd trimester) 76.2 Calalano et al (40)
4C H exchange W M 24 � 4 Resistance training 74.4 � 1.24 Modlesky et al (41)
4C H exchange W M 24 � 4 71.2 � 2.0 Modlesky et al (41)
4C H exchange NA M and F 19–27 72.5 � 1.0 Bergsma-Kadijk et al (42)
4C H exchange NA M and F 65–78 73.9 � 2.5 Bergsma-Kadijk et al (42)
3C (Siri) — Asian M — 70.4 � 2.4 Borgounha et al (43)
3C (Siri) — Asian F — 71.9 � 2.4 Borgounha et al (43)
4C — — F 30 � 4 �3 mo postpartum 73.3 � 2.0 Butte et al (44)
4C H exchange W M 20–94 74.1 � 3.2 Visser et al (45)
4C H exchange AA M 20–94 74.6 � 2.8 Visser et al (45)
4C H exchange W M 20–94 73.9 � 3.4 Visser et al (45)
4C H exchange AA F 20–94 75.3 � 3.6 Visser et al (45)
4C — NA M 69 � 7 74.7 � 3.8 Goran et al (9)
4C — NA F 69 � 7 72.4 � 4.6 Goran et al (9)
4C — NA M 26 � 6 Athletically trained 71.1 Withers et al (23)
4C — NA F 26 � 6 Athletically trained 70.8 Withers et al (23)
4C — NA M 26 � 6 70.5 Withers et al (23)
4C — NA F 26 � 6 71.4 Withers et al (23)
4C — NA M and F — Young adult 73.2 � 2.4 Ritz et al (46)
4C — NA M and F �60 73.4 � 2.4 Ritz et al (46)
4C — Asian M 23 � 4 73.2 � 1.7 Werkman et al (47)
4C — Asian F 23 � 4 72.8 � 1.5 Werkman et al (47)
4C — W M 23 � 4 72.9 � 1.9 Werkman et al (47)
4C — W F 23 � 4 74.2 � 1.4 Werkman et al (47)

1 IVNA, in vivo neutron activation; 4C, four-compartment model; 3C, three-compartment model; AA, African American; W, white; NA, not available.
2 Recalculated from published data to include a correction for hydrogen tracer exchange with nonaqueous material of 4.2% (48).
3 x� � SD (all such values).
4 Significantly different from the study’s identified control group, P � 0.05.
5 Adjusted for between-individual differences in bone mineral density.
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analysis of variance while controlling for laboratory. Sex, age,
and ethnicity did not significantly influence the slope.

Given that between-laboratory variance in the relation be-
tween FFM from DXA and the criterion methods was larger than
the within-laboratory variance and that the variance could not be
explained by variance in the analysis of the phantom data, we
concluded that the variance resulted from small between-
laboratory biases in the criterion methods. Because of this, the
average of the mean proportional error in FFM for the 7 data sets
was used to estimate the bias in the body-composition estimates
of the QDR 4500A. This average was 0.946 and it was signifi-
cantly different from zero (P � 0.001). Thus, the calibration of
the QDR 4500A was in error, which resulted in an overestimate
of FFM and an underestimate of FM.

A correction factor for QDR 4500A estimates of FFM and FM
was determined by using the assumption that BMC obtained
from the QDR 4500A is correct and should not be adjusted.
Corrected FFMDXA was obtained by multiplying LSTM by the
determined correction factor. Corrected FM was then calculated

by subtracting the sum of LSTM and BMC from total body
weight determined by DXA as follows:

LSTMcorrDXA � 0.946 LSTMDXA (1)

FMcorrDXA � DXA weight � (0.946 LSTMDXA � BMC)

(2)

Percentage fat � 100(FMcorrDXA/weightDXA) (3)

BMC was not corrected.

TABLE 4
Summary of the proportional error in fat-free mass measured by dual-
energy X-ray absorptiometry compared with the proportional error in that
measured with criterion method based on linear regression analysis1

Sample Criterion Slope SE

1 (n � 22) TBW 0.9462 0.006
2 (n � 278) TBW 0.9092 0.002
3 (n � 24) TBW 0.9412,3 0.007
4 (n � 71) TBW 0.9572,3 0.003
5 (n � 58) 4C 0.9502 0.003
6 (n � 451) UWW 0.9672 0.003
7 (n � 291) 4C 0.9592 0.002
Total — 0.9462,4 0.0074

1 TBW, total body water; 4C, four-compartment model; UWW, under-
water weighing.

2 Significantly greater than 1.0.
3 Intercept was significantly different from 0 before forcing the regres-

sion through 0.
4 Average and SE of the mean for the slopes for the 7 data sets.

TABLE 5
Interlaboratory comparison of the Hologic (Bedford, MA) whole-body dual-energy X-ray absorptiometry (DXA) phantom1

Data set Mass2 LSTM Fat mass2 Fat BMD2 BMC

g g g % g/cm2 g
1 (n � 10) 29290 � 50 15510 � 150 13770 � 140 47.0 � 0.4 1.14 � 0.02 715 � 5
2a (n � 10) 29500 � 40 15400 � 120 14090 � 130 47.8 � 0.4 1.17 � 0.02 730 � 14
2b, 4 (n � 10)3 29300 � 50 15590 � 160 13710 � 130 46.8 � 0.5 1.17 � 0.02 734 � 8
3 (n � 10) 29180 � 40 15230 � 130 13960 � 130 47.8 � 0.4 1.08 � 0.02 701 � 7
5 (n � 10) 29140 � 40 15460 � 84 13680 � 95 46.9 � 0.3 1.08 � 0.02 717 � 10
Average of 1, 2a, 2b, 3, and 5 29280 � 140 15440 � 140 13840 � 180 47.3 � 0.5 1.13 � 0.05 719 � 13
NHANES MEC14 (n � 10) 29140 � 50 15370 � 90 13770 � 80 47.3 � 0.3 1.15 � 0.02 715 � 8
NHANES MEC2 (n � 10) 29370 � 40 15520 � 90 13850 � 65 47.2 � 0.2 1.12 � 0.02 713 � 6
NHANES MEC3 (n � 10) 29220 � 50 15310 � 180 13910 � 190 47.6 � 0.6 1.11 � 0.01 698 � 9
Average NHANES 29240 � 120 15400 � 110 13850 � 70 47.3 � 0.2 1.13 � 0.02 709 � 9

1 All values are x� � SD; n � the number of repeat scans. LSTM, lean soft tissue mass; BMD, bone mineral density; BMC, bone mineral content; NHANES,
National Health and Nutrition Examination Survey.

2 Significant difference between instruments, P � 0.05 (ANOVA).
3 Data were generated by using 2 DXA instruments in different cities. Data set 4 used the same DXA unit as was used in data set 2b.
4 NHANES MEC1–3 are the 3 DXA units that were used for the NHANES data acquisition.

TABLE 6
Comparison of fat-free mass (FFM) measured by dual-energy X-ray
absorptiometry (DXA) with FFM measured by different body-composition
criterion models1

Sample and model FFM FM

kg kg
5 (n � 58)

DXA2 53.5 � 12.2 23.5 � 7.4
TBW3 50.1 � 10.7 (0.935) 25.9 � 8.0
UWW4 50.4 � 12.5 (0.947) 25.4 � 8.4
4C5 50.3 � 11.5 (0.932) 25.5 � 8.1
4C6 50.9 � 11.8 (0.953) 25.0 � 8.0

77 (n � 291)
DXA2 45.3 17.5
TBW3 43.0 (0.951) 19.8
UWW4 44.6 (0.989) 18.1
4C6 43.4 (0.959) 19.4

1 All values are x� or x� � SD; slope of the linear relation (FFMcriterion �
slope 	 FFMDXA) in parentheses. TBW, total body water; UWW, under-
water weighing; 4C, four-compartment model.

2 Measured with the Hologic (Bedford, MA) QDR 4500A.
3 FFM � TBW/0.73.
4 Siri equation (24).
5 Model of Withers et al (49).
6 Model of Baumgartner et al (30).
7 Calculated from published data of Deurenberg-Yap et al (22).
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DISCUSSION

We compared body-composition estimates obtained from the
7 Hologic QDR 4500A DXA instruments with those determined
with several criterion methods in 7 independent data sets. In each,
we found that FFMDXA was larger than that of the criterion
method. Because of the consistency of the results across criterion
methods, we concluded that FFM, as measured with the QDR
4500A DXA, was significantly overestimated. Regression anal-
ysis indicated that the difference from the value determined with
the criterion methods was a proportional difference; therefore, a
proportional correction factor is recommended.

One potential criticism of our findings was that 4 of the 7 data
sets used TBW as the criterion method. The use of TBW requires
an assumption of a constant hydration of FFM. Wang et al (49)
recently provided a theoretical basis for variation in the hydration
of FFM in healthy adults and, in so doing, predicted a maximal
range for the individual hydration factors of 0.66 to 0.77. Our
review of the literature indicated that group mean values are less
variable than are those predicted by Wang et al (49), ranging from
0.70 to 0.75 in healthy adults (Table 1). Our assumed value of
0.73 is at the center of these ranges. Individual studies within this
compilation indicate that hydration of FFM is a few percentage
points larger during pregnancy, in severe protein malnutrition,
and in muscle builders (34, 40, 41); these observations are con-
sistent with the theoretical basis of hydration reviewed by Wang
et al (49). After exclusion of these 3 subsets, we performed a
meta-analysis to determine whether there were effects of age in
adulthood, sex, or ethnicity on hydration of FFM. The average
hydration of FFM, excluding the 3 groups listed above with
significant increases in hydration, was 72.6 � 1.4% (between-
study SD) with no significant effect of age in adulthood, sex, or
ethnicity. These lines of evidence support our use of a hydration
factor of 0.73 for our populations.

We also questioned the use of different criterion methods in
our analysis. To address this concern, we performed further data
analyses in 2 of our data sets that had measurements that permit-
ted the calculation of FFM by several different criterion methods
(Table 6). The mean FFM was similar among the various crite-
rion methods, and the slopes between DXA and the criterion
method were all �1.0. Moreover, the within-criterion method
variances for the slopes were comparable with those for TBW.
This provides further support for the use of multiple criterion
methods and substantiates the use of TBW as a criterion method
for assessing the accuracy of the calibration of the QDR 4500A.

Our use of an unweighted mean to calculate the correction
factor for FFM rather than a weighted mean for sample size could
also be questioned. Our choice of the unweighted mean was
based on the between-laboratory variance being larger than the
within-laboratory variance. Both the literature review of the
FFM hydration data and the data in Tables 4 and 6 indicate a
larger between-laboratory variation than would be predicted
from the SE for the within-laboratory mean. This indicates that
there was a systematic difference in the criterion methods be-
tween laboratories and that this difference became limiting for
the interlaboratory comparison. Thus, we used the between-
laboratory average for the slope of FFMDXA on FFMcriterion with-
out weighting, despite greatly different numbers of participants
in the data sets.

It is also possible that the between-laboratory variance may
have resulted from between-instrument variance of the DXA

instruments. A common whole-body phantom was circulated
among the laboratories to determine interlaboratory differences
for the assessment of FFM. The results of phantom data analysis
showed no difference between the DXA instruments used in this
calibration study. Because the circulation of the phantom was
done 1–5 y after the human data were collected, it may not
represent the actual accuracy of the particular instrument during
the collection of the human data. We speculated, however, that
the differences that existed between these instruments during the
period of data collection were not any greater than those mea-
sured during the phantom analysis for the following reasons.
Although calibration of a DXA instrument can be altered as a
result of a major repair to the DXA hardware or the upgrade of
software, none of the laboratories reported any major repair to
their DXA instrument nor were there any differences in the soft-
ware versions used to collect the human or phantom data. It
should also be noted that the 3 NHANES DXA instruments being
used to collect the national data were found to provide estimates
of FFM similar to those obtained by the laboratories used to
determine our correction factor (Table 5). This finding supports
the use of the above-suggested corrections for the NHANES
data.

The error for the FFMDXA value for the QDR 4500A may
appear surprising in light of the large number of publications that
have found DXA to be an accurate means of assessing FFM and
FM in adults. Many of these validations, however, were per-
formed with the use of pencil-beam instruments. The QDR
4500A is a fan-beam instrument and thus involves a correction
for beam magnification and a new software routine for convert-
ing the X-ray absorption data to body composition. Beam mag-
nification has been shown to influence the measurement of FFM
and FM by DXA (13). This and the use of the new software
appear to have introduced a modest systematic error in the FFM
calibration that requires correction. This error is specific to the
QDR 4500A and these software versions. Other fan-bean instru-
ments require independent validation to determine whether they
too are subject to systematic bias.

The calibration of the QDR 4500A is of particular importance
because it is currently being used to acquire body-composition
data for a nationally representative sample of individuals in the
United States as part of the NHANES. Because these data may be
used to make national policy decisions, comparisons over time
within the United States, comparisons between countries, and
comparisons of study cohorts with the NHANES sample, an
assessment of the accuracy of the QDR 4500A was critical.
Based on our findings of a biologically significant bias in the
QDR 4500A, this correction was implemented in NHANES
1999–2004 data before its release. We suggest that others who
use the QDR 4500A should also use this correction for FFM, FM,
and percentage fat.

Technical information regarding the QDR 4500A absorptiometer was
provided by Thomas L Kelly of Hologic Inc.
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